The antimicrobial activity against E. coli, St. aureus and A. niger of zinc oxide when blended with polymers has been measured by an applied dynamic method. Two polymers: poly(amide) 6 (PA6) and low density poly(ethylene) (LDPE) have been used as matrix. ZnO nanoparticles content as low as 1% w/w in the polymers showed great antibacterial activity but no antifungal activity. The results of bacterial slaying capability of these nanocomposites was also found to be better when zinc oxide was dispersed in PA6, where the efficiency is similar to pure ZnO particles. The composites have been investigated by means of scanning electron microscope (SEM) and differential scanning calorimeter (DSC).
Introduction
Research using nanoparticles is currently an area of intense scientific activity, due to a wide variety of potential applications in biomedical, optical, and electronic fields. When dispersed in appropriate matrix, nanoparticles may provide properties such as barrier and protective to packaging materials. Various kinds of active substances can be incorporated into material to improve its functionality and give it extra functions such as antimicrobial properties.
When antimicrobial agents are incorporated into a polymer, the material limits or prevents microbial growth. This application could be used for packaging effectively, not only in the form of films but also as containers or utensils.
The interest in polymer composites exhibiting antimicrobial activity is continuously increasing due to the growing demand for healthy living. Potential fields of application include, for instance, textile [1, 2] , packaging [3] or medical devices to prevent nosocomial infections [4] . The role of antimicrobial packaging materials is to extend the lag period and reduce the growth rate of micro-organisms to expand for instance the shelf life of packaged food.
Antimicrobial activity of polymer is commonly achieved by adding metal particles [5, 6, 7] , and also organic compounds [8, 9] . Although ZnO is well known as antibacterial [10, 11, 12, 13] , there are no precedent on the study of antimicrobial activity in thermoplastic polymers. So far, ZnO nanoparticles have been studied as fillers in a series of polymers to prevent photo-degradation as UV-absorber [14] , for thermal stabilization [15] or tribological properties [16] .
The aim of this present study is to elaborate new anti-bacterial polymer composites using zinc oxide nanoparticles by extrusion system and compare their efficiency depending on the matrix: poly(amide) 6 or low density poly(ethylene). The most common strains used for food industry are Escherichia coli (gram-negative), Staphylococcus aureus (gram-positive) and Aspergillus niger (fungus). The exact mechanism of cell membrane damage involved with antibacterial activity of ZnO is not fully understood [17] .
The concentration, particle size, morphology and thus surface area may contribute to the H 2 O 2 release. But the hydrogen peroxide release is not identified as the main mechanism.
Another possible mechanism is the release of Zn 2+ ions. When blended in a polymer phase, amount of filler, particle dispersion, interactions filler/matrix and thus processing conditions may make more complex the antibacterial activity of ZnO. The main concern of this paper is to identify these interactions in composites.
Results and discussion
All formulations (0, 0.5%, 1%, 3% and 5%) are tested for antimicrobial activity. A deviation between theoretical and true filler content may occur due to experimental uncertainty. The actual filler content was verified by carbonization technique and the results are given in the Tab. 1.
Tab. 1.
Theoretical and experimental values of ZnO content in weight (w/w %) in PA6 and LDPE composites.
Theoretical
Experimental
Zinc Oxide
It is well known that nanoparticles tend to aggregate themselves. As we can see in the Fig. 1 , the particle size is relatively large and may correspond to aggregates. The mean size is about 5 m with a standard deviation of 2 m.
The X-ray diffraction (Fig. 2) put into evidence the presence of zinc oxide crystal by identification of diffraction peaks (hkl plan). Two unidentified peaks (2 equals to 28° and 93°) correspond to some residual degradation (oxynitrates). The average crystallite size, from the diffraction peaks detected by XRD, is about 35 nm. Particles are synthesized in a non-equilibrium state and thus their different physical and thermal history can lead to morphologies from compact to burst spheres (platelets). These observations are coherent with the Fig. 1 where tri-modal distribution is observed.
When dispersed in polymer, zinc oxide aggregates may change in shape depending on processing condition and matrix nature. When zinc oxide particles are blended with a polymer phase, additional mechanical energy due to high shear rate involved during processing can lead to smaller size distribution by breaking of aggregates.
Moreover, filler may also have an impact on the crystalline phase of polymer, modifying its phase transition and leading to a different behavior of the matrix with the filler. The phase change temperatures for each composites tested are measured by DSC.
The results are reported in the Tab. 2. The mechanism leading from a nucleating agent to a nucleating effect is somewhat a mystery [18] . As a result, finding an effective nucleating agent is more or less an empirical process.
As we can see in the Tab. 2, the nucleating effect of ZnO in PA6 is very low (about 3 ºC). This value is compared to one of the PA6 processed in the same conditions (171.9 ºC).
In LDPE, the increase of the crystallization temperature compared to pristine LDPE processed in the same conditions is about 16.5 ºC (T c,n of LDPE being 94.1 ºC).
The melting temperature T m of PA is not or little affected by the filler (+2 °C). The crystalline structure or the crystal thickness is thus unchanged. On the other hand, the melting temperature of LDPE is shifted about 25 ºC when filled with a few amount of ZnO. This shows thicker lamellae in LDPE. Moreover, the crystallinity rate also reported in the Tab. 2, shows a high effect of ZnO particles onto the crystal content in LDPE compared to PA6. In LDPE the crystallinity is almost doubled with ZnO (from 36% up to 67%) whereas in PA6, its remains unchanged (about 30%). The reference enthalpy of a single crystal is given in the Tab. 4. The filler impact onto the polymer phase is very strong in the case of LDPE and may have an effect on the antimicrobial activity by insulating the ZnO particles from bacteria media which is coherent with the Fig. 5 .
Antimicrobial Activity
In Fig. 6 , the antimicrobial effect onto the three different micro-organisms is observed as a function of ZnO nanoparticles content in the culture. Without ZnO particles, the reference concentration of micro-organism is measured as about 1.5 x 10 6 CFU/ml. As the ZnO content is increased two major effects are observed. In the case of the bacteria (St. aureus and E. coli), the concentration of the micro-organisms decreases as ZnO content increases. The logarithmic reductions are of 3 and 4 orders of magnitude for St. aureus and E. coli respectively. In the case of the fungus, A. niger, the concentration of the micro-organisms is kept constant despite the increase of ZnO content up to 5 % w/w. We can conclude that ZnO nanoparticles show a high bactericide activity both against Gram-positive and Gram-negative bacteria. On the other hand, no significant antifungal activity against Aspergillus niger is observed. This is why for the following composites only the antibacterial activity is considered. These results are in agreement with J. Sawai et al. [11] . 7 shows the effect of the ZnO content in LDPE on the bactericide activity. The concentration of bacteria in contact with pure LDPE is 1.5 x 10 6 CFU/ml and decreases after 48 hours down to 3.4 x 10 3 and 8 x 10 3 for St. aureus and E. coli respectively with a ZnO concentration of 5% w/w. The CFU reduction after 48 h is more than two orders of magnitude and similar for both bacteria. However, the antibacterial effect is more linear onto St. aureus than E. coli where a few amount of ZnO in LDPE seems sufficient to observe a drop of micro-organism concentration. Fig. 8 shows biocide effect of ZnO/PA6 nanocomposites against St. aureus and E. coli as a function of ZnO particles content. In this case, the drop of the CFU is more significant compared to LDPE composites. At 5% w/w ZnO/PA6 nanocomposites, the colony counting result (500 and 15 CFU/ml for St. aureus and E. coli respectively) strongly signifies the decrease of 4 and 5 orders of magnitude compared with the control (without ZnO in PA6). Moreover, the results show that ZnO is still more efficient against E. coli than St. aureus. The reduction in the death rate can be calculated using the equation:
where C is the CFU of bacteria for the vial containing the control material after the specified contact time, and A is the CFU of bacteria for the vial containing the treated material after the specified contact time. The results that are determined for 48 hours are calculated from the equation (1) 
Experimental

Materials
The two matrices were chosen both for their different polarity and their common use in packaging [3] . Water content (w/w) 0% > 0.5%
Processing
The zinc oxide nanoparticles were obtained in a pilot scale platform by spray pyrolysis [19] . During the process, droplets of a precursor solution were dried and decomposed to the required compound. The presence of an additional soluble flux in the precursor solution permitted the formation of agglomerate -free nanoparticles after washing of the product. Therefore, pure zinc oxide nanoparticles were synthesized by adding sodium nitrates to the initial zinc nitrate solution [19] .
Thus an aqueous solution containing 0.25 mol.L -1 of zinc nitrate precursor (Zn(NO 3 ) 2 ) and 0.75 mol.L -1 of sodium nitrate (NaNO 3 ) was first nebulized. The spray generator (from ARECO) comprised four pellets vibrating at 1.6 MHz. An external air flow fixed at 6 m 3 /h conveyed the micronics droplets in a vertical drying column (225 °C) then in a horizontal decomposition/densification one (at 600 °C). Each column was 20 cm internal diameter and 1.8 m long. The solid phase of the final aerosol was filtered through a Donaldson -UMA40 unit, equipped with polyester filtering bags. The residence time of droplets in the pyrolysis zone was about 10 seconds. The production rate was approximately 30 g/h of powders before washing.
Samples elaboration was made by blending polymer matrix (5 cm   3 ) with ZnO in a mini extruder (MINILAB from Thermo HAAKE). Compounds were blended for 15 min at 200 °C for LDPE and 250 °C for PA6 in two conical contra-rotative screws with a mixing speed of 150 rd.min -1 . Different composite formulations were obtained with filler content ranging from 0 to 5 % (w/w).
Characterization
The morphologies of powder and composites were observed by a field-emission scanning electron microscope (Jeol JSM 6700F). Prior observation, the polymer composites were fractured in liquid nitrogen and coated with platinum. The aim of these observations is to emphasize the topography of composites. The pictures were thus taken in secondary electron with a high working distance (8 mm for a sufficient depth of focus) under low voltage (5 kV).
The final powders were characterized by their X-Ray diffraction (XRD) recorded on a Seifert C3000 diffractometer. The crystallite size of ZnO particles was calculated from the half-width of diffraction peaks using Scherrer's equation.
The particle size distribution of zinc oxide powder was measured by laser diffraction (Malvern Mastersizer S, Malvern Instruments Ltd U.K.). A concentration of approximately 30 mg.L -1 of powder was poured in distilled water. The accuracy is ± 1% on the D(v,50), being the equivalent volume diameters at 50 % cumulative volume.
The filler content was measured by carbonization of few grams of sample in a furnace at 600 ºC during 5 hours.
Calorimetric measurements were performed with a METTLER TOLEDO DSC 30. The calibration was done with indium and zinc. Aluminium pans with holes were used and the sample mass was approximately 10 mg. All samples were first heated up to 250 °C during 5 minutes to get rid of thermal history. Non-isothermal crystallization and melting temperatures, respectively T c,n and T m , were determined from the peak extrema in experiments at ± 10 °C.min -1 heating and cooling rates. To prevent any sample degradation, the experiments were carried out under nitrogen flow. All the temperatures measured from a peak extreme (T c , T m ) were determined at less than ± 0.5 °C.
Antimicrobial testing: Sample preparation and methodology
The applied dynamic method was based on European Pharmacopeia (2001) and ASTM E 2149-01 to determine the antimicrobial activity of immobilized antimicrobial agents under dynamic contact conditions.
The microorganisms used to test antimicrobial efficiency were Staphylococcus aureus ATCC 6538, Escherichia coli ATCC 8739 and Aspergillus niger ATCC 16404. All the organisms were maintained according to good microbiological practice and checked for purity, by making streak plates and observing for a single species characteristic type of colonies.
Preparation of bacterial inoculum required to grow a fresh 18 hour shake culture of each type of organism in sterile Peptone isotonic MRD (maximum recovery diluent, composition for one litre: 1.0 g of peptone and 8.5 g of sodium chloride, pH: 7.0 ± 0.2, CM0733, OXOID, S.A.), so the three microorganisms were reconstituted in 2 ml of peptone isotonic MRD and then incubated at optimal growth conditions of time/temperature as indicated in Tab. 5 (Incubator BINDER).
After that, ten-fold serial dilutions of each strain were made in 200X diluted fourthstrength ringer solution (composition for one litre: 0.105 g of potassium chloride, 2.25 g of sodium chloride, 0.05 g of sodium bicarbonate, 0.12 g of calcium chloride 6H 2 O, pH: 7.0, BR0052 ,OXOID,S.A.), ranging from 1.5 -3.0 × 10 8 to 10 5 CFU/ml (CFU, colony forming unit). Cell suspension of 10 5 -10 6 CFU/ml in ringer solution of each micro-organism was put in contact with zinc oxide nanoparticles to test antimicrobial activity. The dilutions of the suspensions (each micro-organism + ZnO particles) were spread onto different agar plates and were incubated at optimal growth conditions of time/temperature as indicated in Tab 5. After incubation, the number of colonies growing on each agar plate was counted for each micro-organism to calculate colony forming units per ml (cfu/ml). The counts revealed the number of surviving cells for each micro-organism. These antimicrobial activities were performed three times. Vials, containing 2 ml of sterile ringer solution (diluted 500X in distilled water) were prepared for each treated and untreated type of material and testing of each type bacterial inoculum. Besides, the determination of bacterial concentration of each solution of inoculum at the "0" time by performing serial dilutions and standard plate count techniques according to the growth conditions of each microorganism was carried out.
Next, 2 grams of material (blends) were weighed and put into the sterile vials. In vial containing the biocide sample, 100 µl from each inoculum (St. aureus, E.coli, A niger) suspensions containing 10 7 -10 8 CFU/ml was added. The samples (the vials with material and each inoculum) were maintained at room temperature (+20 ºC), protected from light. During the exercise, vials were shaken with extreme care not to break them. The untreated material did not absorb the solution.
A sample (vial) containing only the sterile ringer solution was used as negative control. At different contact period (24 h and 48 h) 1.0 ml from each sample was withdrawn and decimal dilutions (until 107) were prepared in sterile ringer solution. 100 µl of decimal dilutions were spread onto agar media and incubated the plates at specified temperatures/time ( Table 5 ). The colonies were counted in petri dish.
The values were recorded, averaged the duplicate petri numbers and converted the average to colony forming units per millilitre (CFU/ml) of ringer solution in the bottle.
If the duplicate counts of any sample did not agree within 15 %, that sample was discarded and the test repeated.
The counts for the vial containing the inoculum only with sterile ringer solution (negative control) after specified contact time and counts for the bottle containing the untreated control after specified contact time was within 15%.
